The glass transition behavior and crystallization kinetics of Zr 48 Nb 8 Cu 14 Ni 12 Be 18 bulk metallic glass have been investigated by differential scanning calorimetry and x-ray powder diffraction ͑XRD͒. The activation energies of both glass transition and crystallization events have been obtained using the Kissinger method. Results indicate that this glass crystallizes by a three-stage reaction: ͑1͒ phase separation and primary crystallization of glass, ͑2͒ formation of intermetallic compounds, and ͑3͒ decomposition of intermetallic compounds and crystallization of residual amorphous phase. The pressure effect on crystallization is studied by in situ high-pressure and high-temperature XRD using synchrotron radiation. Two crystallization temperatures, observed by in-situ XRD, behave differently with varying pressure. The onset crystallization temperature increases with pressure with a slope of 9.5 K/GPa in the range of 0 to 4.4 GPa, while the another crystallization temperature keeps almost unchanged in the applied pressure range. The results are attributed to the competing processes between the thermodynamic potential barrier and the diffusion activation energy under pressure.
I. INTRODUCTION
The crystallization investigation of metallic glasses is of importance in understanding mechanisms of phase transformation far from equilibrium, in evaluating the glass forming ability of the melts and thermal stability of metallic glasses, and in producing controlled ultrarefined microstructure with expected shapes. [1] [2] [3] It is found that the crystallization process is sensitive to alloy composition, 4 applied pressure, [5] [6] [7] [8] [9] [10] annealing temperature, 11, 12 and heating rate 13 so on. Schroers et al. 13 has proved that a rate of about 200 K/s upon heating can avoid any crystallization events in the Zr 41 Ti 14 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass. Previous work [5] [6] [7] [8] [9] [10] 14, 15 has proved that applied pressure has a noticeable effect on crystallization, and is a powerful tool for modifying and controlling microstructure of metallic glasses. The very fine-grained nanostructural materials can be obtained by controlling crystallization of metallic glasses. The investigation of crystallization kinetics and glass transition behavior may provide a way for insight into the mechanism of the nucleation and growth process, and nature of glass transition and crystallization reaction in metallic glasses, because the activation energy is closely related to the local atomic structure. On the other hand, the glass transition is one of the most important and intensive investigated topics in the area of metallic glasses; however, a comprehensive understanding of the glass transition is still lacking. The discovery of bulk metallic glasses ͑BMG͒ with excellent glass forming ability, wide supercooled liquid region, and high thermal stability against crystallization offers a chance for investigating the glass transition behavior, phase transformation, nucleation, and growth in the supercooled liquid region in a long time scale, and exploring the potential application of metallic glasses. 16, 17 In this work, the glass transition and crystallization behavior of Zr 48 Nb 8 Cu 14 Ni 12 Be 18 bulk metallic glass with a wide supercooled liquid region and high thermal stability 18 have been studied by differential scanning calorimeter ͑DSC͒ and x-ray diffraction ͑XRD͒. The apparent activation energies of the glass transition and crystallization are determined using the Kissinger method. The pressure effect on the crystallization process in this BMG was also monitored by in-situ high-pressure and high-temperature x-ray powder diffraction using synchrotron radiation in pressure range of 0 to 4.4 GPa.
II. EXPERIMENTS
The ingots, with a composition Zr 48 Nb 8 Cu 14 Ni 12 Be 18 , were prepared by melting a mixture of elements in a titanium-gettered arc furnace, remelting in a vacuum-sealed quartz tube, and then quenching in water to get an amor-phous rod with a diameter of 8 mm and a length of 50 mm. The amorphous nature as well as the homogeneity of the rod was ascertained with XRD and transmission electron microscope ͑TEM͒. Slices with a thickness of 0.5 mm were cut from the amorphous rod for annealing and DSC measurements. The samples were annealed in a furnace with a vacuum of 2.0ϫ10 Ϫ2 Pa. The XRD measurements were processed by a Philips PW 1820 diffractometer with Cu K ␣ radiation in order to identify the crystalline phases formed after different crystallization reactions. DSC measurements were carried out under a purified argon atmosphere in a Perkin-Elmer DSC7 at the heating rate, ø ranging from 5 to 200 K/min at the ambient pressure. The calorimeter was calibrated for temperature and energy at various heating rates with high purity indium and zinc. First, an empty Al pan was tested to establish a baseline, then the same Al pan including the sample was used at the identical thermal condition. The values of the glass transition temperature (T g ), the onset temperature for first crystallization events (T x1 ), and the crystallization peak temperature (T pi ) were determined from the DSC traces with an accuracy of Ϯ1 K. In-situ highpressure and high-temperature energy-dispersive x-ray diffraction ͑EDXRD͒ measurements were performed using synchrotron radiation at HASYLAB in Hamburg, Germany, by the MAX 80 station a multianvil pressure apparatus with 8 mm cube pressure cells. 19 The cubic sample assembly is compressed by six truncation anvils of tungsten carbide in a 250 ton hydraulic press. Electric current is sent through a graphite heater via two appropriate anvils. The temperature is measured by thermocouple with a stability of Ϯ1 K. The pressure, P, of the sample is calculated from the lattice constant of NaCl using the Decker equation of state. 20 Each run consists of isothermal room-temperature compression followed by isobaric heating up to 873 K in steps of 10 K in order to observe crystallization temperatures at different pressures. The average heating rate in the temperature range from 298 to 873 K was roughly estimated to be 1 K/min. Pure Zr, Fe, and the BMG powders were used to examine the possible oxidation of samples during the heat treatments using the high-pressure sample assembly. It was found that only pure metallic phases in the three systems were detected after heat treatment at temperatures up to 873 K under pressure. Figure 1 gives typical continuous DSC traces obtained for Zr 48 Nb 8 Cu 14 Ni 12 Be 18 BMG at various heating rates of 5, 10, 20, 40, 80, 120, 160, and 200 K/min. All the DSC traces exhibit the endothermic characteristics of a glass transition followed by exothermic reactions at higher temperatures, indicating that the BMG has a wide supercooled liquid region and crystallizes by multistep reactions. The first two peaks are very close while third one is a tiny peak located at a higher temperature, which is very similar to those of the Zr 41 Ti 14 From Fig. 1 , it is clearly seen that T g , T x1 , and T pi of the BMG are shifted to higher temperature with increasing heating rate. Not only crystallization but also glass transition display dependence on heating rate during continuous heating. Another interesting feature is that the first crystallization peak is sensitive to the heating rate, which is very similar to that of Zr 41 Ti 14 Cu 12.5 Ni 10 Be 22.5 glass. 6 Its area and intensity decrease with increasing heating rate. At a high heating rate ͑160 K/min͒, it almost disappears as shown in Fig. 1 , indicating the crystallization event has a low critical heating rate for suppressing the nucleation and growth. Figure 2 exhibits that the endothermic broad peak of the BMG shifts gradually to higher temperatures, the width of supercooled liquid region increases with increasing heating rate, and the glass transition process is delayed to higher temperatures. This phenomenon indicates that the glass transition as well as the crystallization behaves in a marked kinetic nature. The dependence of the T g , T x , and T pi on heating rate can be described by Lasocka's relationship: 23 TϭAϩB ln , ͑1͒
III. RESULTS AND DISCUSSION
where A and B are constants for a given composition and some particular temperature T. The data of T g versus ln for the alloy and fitting line with Eq. ͑1͒ are shown in inset of Fig. 2 . The good fitting result verifies that T g can be well described by Lasocka's relationship. The values of A and B are different for the glass transition and crystallization reactions as displayed in Fig. 3͑a͒, 
where R is the gas constant, K 0 is the frequency factor in Arrehenius's law, that is, K T ϭK 0 exp(ϪE/RT). The Kissinger plots of the glass transition and crystallization for the alloy are shown in Fig. 3͑b͒ . To further study the phase formation in process of crystallization, the disks of the bulk metallic glass were annealed under vacuum at different annealing temperatures T a and then measured by TEM, DSC, or standard XRD. Figure 4 shows the continuous DSC traces at the heating rate of 10 K/min for as-prepared alloy and specimen annealed in the supercooled liquid region for 1 h. The annealing in the supercooled liquid induces the disappearance of the first crystallization peak and the shift of the second crystallization peak to a lower temperature. The normalized exothermal heat flow for the second crystallization reaction decreases with the annealing temperature increasing, indicating that fraction of phase transformation increases. No crystalline peaks are observed from XRD patterns of the alloys annealed at 673 and 683 K ͑not shown͒. The first crystallization peak in the Zr 48 Nb 8 Cu 14 Ni 12 Be 18 alloy could be attributed to the phase separation and primary crystallization, which is similar to that of the Zr 41 Ti 14 Cu 12.5 Ni 10 Be 22.5 alloy. This can be verified by TEM observation for the samples annealed in the supercooled liquid region. Figure 5 illustrates bright-field TEM images and corresponding selected area electron diffraction patterns of one sample annealed at 673 K. The bright-field micrograph reveals nanoparticles embedded in the amorphous for the annealing sample, while corresponding selected area electron diffraction suggests that the inner ring of diffraction pattern of the annealing samples splits to two scattering rings. This phenomenon has also been observed in the Zr 41 Ti 14 induce phase separation, nucleation, and growth of nuclei upon the annealing conditions. Figure 6 shows XRD patterns of as-prepared glass together with diffraction patterns obtained after annealing at selected temperatures of 728, 753, and 873 K. The pattern of the sample annealed at 728 K for 2 h shows Bragg peaks of Zr 2 Ni-like, Be 2 (ZrNi)-like, and Zr 2 Cu-like phases, superimposed on the broad diffuse scattering peak from the amorphous phase. When the temperature increases to 753 K, the crystallization phases remain while the intensities of the crystalline components increase, indicating the fraction of crystallization phases increase. The XRD results suggest that the second crystallization reaction is related to the formation of Zr 2 Ni-like, Be 2 (ZrNi)-like, and Zr 2 Cu-like intermetallic components. For the sample annealed at 873 K (ϾT p3 ) for 3 h, the XRD pattern is much different from others. Many intermetallic compounds, including Cu 10 Zr 7 , NiZr 2 , Zr 2 Cu, Ni 3 Nb, Be 2 Nb 3 , Be 17 Nb 2 , and Be 2 Zr can be identified as marked in Fig. 6͑d͒ This result infers that the third peak observed by DSC is most likely due to decomposition of the Be 2 (ZrNb)-like phase and crystallization of the residual amorphous phase.
High pressure can modify the nucleation and growth behavior in metallic glasses, and then affect their crystallization process. The in-situ high-pressure and high-temperature EDXRD patterns of the BMG were recorded every 10 K for various applied pressure to observe the onset temperature of crystallization with an uncertainty of 10 K in the pressure range of 0 to 4.4 GPa. It is found that the crystalline phases formed and the sequence of phase formation during crystallization process of the BMG are identical in the applied pressure range. Two crystallization reactions can be detected by EDXRD. The first one is attributed to the formation of Zr 2 Ni-like, Be 2 (ZrNi)-like, and Zr 2 Cu-like phases, while the second one corresponds to decomposition of the Be 2 (ZrNb)-like phase and crystallization of the residual amorphous phase. Figure 7 gives the two crystallization temperatures, which was estimated from EDXRD patterns recorded, with a increasing temperature step size of about 10 K. It is clearly seen that the applied pressure strongly affects the crystallization temperatures of the Zr 48 Nb 8 Cu 14 Ni 12 Be 18 BMG. The behaviors of the two crystallization temperatures versus pressure are different. The onset crystallization temperature, T onset , observed by EDXRD, increased with the applied pressure with a slope of 9.5 K/GPa. The value is similar to those reported for other metallic glasses in the literatures, e.g., 19 K/GPa for the Zr 41.2 Ti 14.8 Cu 12.5 Ni 10 Be 22.5 in the range of 0 to 4 GPa, 27 11 K/GPa for Pa 40 Cu 30 Ni 10 P 20 in the pressure range of 0 to 4 GPa, 10 and 9.4 K/GPa for Zr 65 Al 7.5 Ni 10 Cu 7.5 Ag 10 in the range of 0 to 4.14 GPa. 28 The applied pressure has no insignificant influence on the second crystallization temperature T x3 determined by EDXRD as marked in Fig. 7 .
Crystallization of metallic glass is normally regarded as a process proceeding by nucleation and subsequent growth of crystals. The onset crystallization temperature of a metal- lic glass, i.e., at the initial stage of nucleation, may be governed by the thermodynamic potential barrier of nucleation and diffusion activation energy. According to crystallization kinetics theory, the nucleation rate, I, can be written as I ϭI 0 exp(⌬G*ϩQ n )/k B T, where I 0 is a constant, ⌬G* is the free energy required to form a nucleus of the critical size, i.e., the thermodynamic potential barrier of nucleation, Q n , is the activation energy for the transport of an atom across the interface of an embryo, k B is Boltzmann's constant. The sum, ⌬G*ϩQ n , is called the nucleation work. The onset crystallization of the Zr 48 Nb 8 Cu 14 Ni 12 Be 18 BMG, observed by in-situ high-temperature and high-pressure EDXRD, could correspond to formation of intermetallic compounds. The primary crystallization of the BMG requires long-range atomic diffusion due to a large composition between amorphous phase and its corresponding crystallization products. This implies that the crystallization is controlled by diffusion. The pressure dependence of Q n might be responsible for the behavior of T onset versus pressure. In general, pressure could reduce atomic mobility. This means that the Q n might increase with pressure. Hence, the nucleation work increases with pressure. Consequently, nucleation rate decreases with pressure and an enhancement of crystallization temperature is expected, as observed for the onset crystallization temperature of the Zr 48 Nb 8 Cu 14 Ni 12 Be 18 BMG in the range of 0 to 4.4 GPa. For the T x3 versus P, it could be tentatively explained as follows. As results showed above, this crystallization event could be related to the decomposition of Be 2 (ZrNb)-like intermetallic compounds and formation of new intermetallic compounds. The interfacial energies for intermetallic compounds are large. It is expected that the ⌬G*, rather than Q n could become the dominant factor for the nucleation rate., ⌬G* is proportional to interfacial energy of nucleus and 1/( P⌬Vϩ⌬G) 2 , where ⌬V and ⌬G are the change of molar volume and free energy due to the phase transformation. If the term, P⌬V, is much smaller than ⌬G, ⌬G* is then insensitive to pressure. This implies that T x3 is almost constant with respect to pressure although the atomic rearrangement may be involved in the event.
IV. CONCLUSION
The glass transition behavior and crystallization kinetics of the Zr 48 Nb 8 Cu 14 Ni 12 Be 18 bulk metallic glass have been investigated by DSC and XRD. The activation energies of glass transition and crystallization events for the glass have been obtained using Kissinger analysis. The glass transition as well as crystallization can be regarded as a kinetically modified thermodynamics phase transformation process. This BMG with a wide supercooled liquid region crystallizes by multistep reactions. The first crystallization reaction could correspond to the phase separation and primary crystallization. Zr 2 Ni-like, Be 2 (ZrNi)-like, and Zr 2 Cu-like, intermetallic compounds are formed after the second crystallization event. The third crystallization reaction could be related to the decomposition of Be 2 (ZrNi)-like intermetallic compounds and crystallization of residual amorphous phases. The crystallization studies under high-pressure and hightemperature x-ray powder diffraction shows that the onset crystallization temperature increases upon pressure with a slope of 9.5 K/GPa in the range of 0 to 4.4 GPa, the results can be explained by the suppression of atomic mobility under pressure. The other crystallization temperature is almost unchanged with respect to the pressure.
